This study aimed to examine the effect of carrying backpacks on neck posture and ground reaction forces (GRFs) and to investigate the relationship between neck angles and GRFs during backpack carriage in schoolchildren. Material and methods: The craniohorizontal angle (CHA), craniovertebral angle (CVA), sagittal shoulder posture (SSP) and GRFs were measured in right-handed schoolchildren (14 male and 12 female) with mean age 10.17 ± 1.15 years during loaded and unloading conditions. The Qualisys motion analysis system with a force plate was used to assess the neck angles and GRFs. Results: During backpack carriage there was a significant increase in the CHA (p = 0.001), significant decrease in the CVA and SSP (p = 0.001, 0.016 respectively), no significant difference in the normalized (scaled to body weight) vertical GRFs (p > 0.05), and a significant increase in the anterior braking and posterior propulsive GRFs (p = 0.035, 0.002 respectively) compared to the unloading condition. While carrying a backpack there was a moderate negative correlation between the SSP and first vertical GRF (r = -0.464) and a strong negative correlation with the second vertical GRF (r = -0.571) and the posterior propulsive GRF (r = -0.587). Conclusion: Carrying a backpack weighing 15% of the child's body weight changes the head posture and increases the normalized value of the anterior-posterior shear force. During backpack carriage, decreasing the SSP is associated with increasing the load acceptance, thrusting and posterior propulsive forces. Increasing the shearing force may lead to development of postural abnormities. Consequently, the ideal backpack weight should be considered by parents and teachers.
Introduction
Backpack use amongst schoolchildren has become the most popular means of transporting luggage to and from school [6, 17] . Carrying a backpack leads to postural changes which require many adjustments of the trunk and limbs to accommodate to the new stresses, and maintaining upright posture and equilibrium [29] .
The prevalence of musculoskeletal symptoms due to backpack carriage is higher in younger age groups than in their older counterparts [41] . A heavy bag pack has been considered as a risk factor for developing musculoskeletal pain among children in the age range 9-16 years [49] . The backpack weight of school students has been reported to range from 10% to as high as 25% of their body weight (BW) and may have a harmful impact on their body [33] . However, half of the schoolchildren carry schoolbags weighing more than 10% of BW, which is more frequently associated with tiredness and back pain [20] . Furthermore, the recent review study of Janakiraman et al. [21] stated that the backpack load limit for schoolchildren should be 10-15% of BW. Excessive loading on the back can lead to forward bending of the trunk and neck that may be the biomechanical cause of musculoskeletal pain [41] .
Inappropriate use of backpacks is not healthy for anyone, especially for children, who are more susceptible to injury because their bodies are growing and developing [37] . Carrying a backpack weighing 10% of BW leads to a reduction in gait velocity and cadence, an increased double support time and trunk forward lean, which could be a compensatory mechanism to minimize either the induced gait instability or mechanical strain on the musculoskeletal system [44] . Many studies conducted on adults have indicated that load carriage changed the gait kinematics [5, 26, 43] and ground reaction forces (GRFs) [4, 5, 8, 32, 43] . A recent study conducted on primary school students found that the heavier the school backpack was, the higher was the pressure and force distribution under different foot regions [1] . Moreover, carrying school backpacks with loads of more than 10% BW causes changes in the gait kinematics [23] .
The measurement of GRFs is an accurate technique for assessing the gait biomechanics. The vertical GRF is related to joint contact forces, which play an important role in the development of musculoskeletal pathological conditions such as low back pain and osteoarthritis [34] . The anteriorposterior GRF is the main component that indicates shear stress [12] . This force represents the friction between the foot and shoe or shoe and ground, and its increase may lead to foot injuries [39] and a tendency to slip [12] . Both of the mentioned GRF components inform about the overall forces acting on the human body [10] . The vertical GRF increased almost three times in student carrying school bags weighing 20% of BW compared to 10% of BW [34] . Moreover, it has been reported that carrying a backpack weighing 7.5% of BW in schoolchildren leads to an increase in GRFs and a more forward head position [29] .
Thus, carrying backpacks leads to biomechanical changes that could be the cause of low back pain [45] , muscle soreness [22] , joint problems [3] and adverse consequences for foot structure and function [31] . Consequently, health care professionals, teachers, and parents should be aware of the need to restrict the backpack weight to the minimum values to solve most of the problems related to the weight of the bag in relation to BW [36] . Therefore, students, staff, and families need to be educated about backpacks' contribution to pain and musculoskeletal complains [37] .
To achieve a more comprehensive understanding of the forces acting on the musculoskeletal system, combining the GRFs and neck posture appears to be relevant. However, the relationship between the neck angles and GRFs during backpack carriage has received almost no attention in the academic literature related to children. Therefore, this study aimed to examine the effect of carrying backpacks on neck posture and GRFs and to investigate the relationship between neck angles and GRFs in children during backpack carriage.
Materials and methods

Participants
A convenient sample of primary school students was recruited by announcing recruitment criteria through an advertisement in two primary schools in Giza. The volunteers were enrolled after an interview and informing them of the required details of the study. A total of 38 children were interviewed but only 26 met the inclusion criteria and were enrolled in the study (14 male and 12 female), with mean age 10.17 ± 1.15 years, mean weight 33.79 ± 5.72 kg, and mean height 138.28 ± 7.98 cm. The parents signed a consent form authorizing the child's participation. The study was performed in accordance with the Declaration of Helsinki and approved by the local institutional ethics board. The sample size calculation was conducted using G Power 3.1 software, with a one tailed comparison of difference between two dependent means. The sample size was determined as 26 participants according to α = 0.05, power = 0.80 and effect size = 0.50.
The children were included if they were healthy, physically active and could follow the researcher's instructions. The children were excluded if they had any history of back or neck pain, musculoskeletal disorders or neurological diseases or were obese as defined by a standard definition for child overweight and obesity worldwide [16] . The cut-off point of the mean body mass index (BMI) for overweight and obese children between the ages of 8.5 and 12 years is 18.76-21.22 for boys and 18.69-21.68 for girls. In this study, the BMI of the children ranged from 13.20 to 20.73 and the mean BMI was 17.61 ± 2.14.
Each child had two test captures, one without a bag and the other while carrying a backpack. The order of tests was determined randomly, and was done through a coin toss to determine which test to start with.
Instruments
For calculating BMI of each participant, the researcher used a digital weight scale and stadiometer. The dimensions of the backpack used by all participants were 37 × 25 × 15 cm, which was the backpack style used commonly by schoolchildren. Cervical angles were measured by a 3D motion analysis system, QUALISYS, Sweden. It consists of a camera system (3 Pro Reflex infrared cameras), silver colored reflective markers, and four adhesive reflective markers that were attached to each participant's anatomical landmarks (i.e., the tragus, acromial process, spinous process (C7) to calculate the craniohorizontal angle (CHA), craniovertebral angle (CVA), and sagittal shoulder posture (SSP).
The GRFs were measured through a camera system consisting of 3 Pro Reflex infrared cameras. Seven adhesive reflective markers were attached to each participant's anatomical landmarks: at the point between the 2nd and 3rd metatarsal heads of the right foot, lateral malleolus of the right foot, posterior of the heel of the right foot, lateral joint line of the right knee, over the tibial tuberosity of the right knee, on the upper border of the right patella, and the greater trochanter of the right hip [12] . An AMTI (Advanced Mechanical Technology Inc., USA) force plate with sampling rate 120 Hz was used to measure the antero-posterior and vertical components of the GRFs.
Procedure
The static test was used to measure the neck angles with and without a backpack that weighs 15% of BW with mean weight 5.07 ± 0.86 kg. The backpack straps were adjusted to be carried with its top parallel to the shoulder line [34] . The markers were placed by the same researcher for each participant. Measurements were conducted under the same conditions: the same room temperature. The 3 dimensional motion analysis system was calibrated at the start of each measure to validate the results. The test started with the participant standing in the center of the walkway with bare feet and looking directly ahead, with arms beside their body and evenly distributing their BW on both feet. Then a capture of 4 seconds was recorded by the Q-trac software. The CHA formed at the intersection of the horizontal line and the line joining the tragus of the ear and external canthus of the eye line (1) ( Fig. 1 ) [47] . The CVA formed at the intersection of a horizontal line through the spinous process of C7 and the line of the tragus of the ear line (2) [13] , and the SSP formed at the intersection of a horizontal line and the line between the posterior aspect of the acromion process and the C7 line (3) [47] .
The dynamic test was used to measure the normalized (scaled to body weight) GRFs: Fv1; the first peak of the vertical force (load acceptance peak), Fv2; the valley of the vertical force (minimum value of the vertical GRF lies between Fv1 and Fv3), Fv3; the second peak of the vertical force (thrusting peak), Fap1: the anterior braking force; the negative value of the anterior-posterior GRF, and lastly Fap2: the posterior propulsive force; the positive value of the anterior-posterior GRF. Before testing, each child was allowed to practice walking three times to become familiar with the procedure. All participants were asked to walk at their own speed. The children walked a distance of three steps before and three steps after the force plate at their comfortable walking speed [47] . Then, the capture was recorded with and without a backpack. The dynamic test was analyzed by the QUALISYS gait software to determine the GRF components.
Statistical analysis
All statistical measures were analyzed using SPSS (Armonk, NY: IBM Corp.) version 20.0. Data were screened for the normality assumption and presence of outliers. Descriptive analysis of the participants' demographic data and study-dependent outcome measures (cervical angles and ground reaction forces) was performed. The paired samples t-test was used to compare neck angles and GRFs in children with and without a backpack. Pearson's product moment correlations were used to examine the relationships between neck angles and GRFs. An a priori alpha level of 0.05 was used for all tests.
Results
Descriptive statistics of the neck angles in children with and without backpack are presented in Table 1 . There was a significant increase in the CHA and decrease in the CVA and SSP (p < 0.05) during backpack carriage compared to the unloaded condition.
There was no significant difference in the normalized vertical GRFs (Fv1, Fv2, Fv3) between loading and unloading conditions (p > 0.05). There was a significant increase in the normalized anterior braking force (Fap1) and posterior propulsive force (Fap2) during backpack carriage compared to the unloaded condition (p < 0.05), as shown in Table 2 .
There was no correlation between the CHA and CVA and the normalized Fv1, Fv2, Fv3, Fap1, and Fap2 GRFs with and without a backpack (p> 0.05). However, during backpack carriage there was moderate positive correlation between the CHA and Fv1. There was a strong to very strong negative correlation between the SSP and the normalized Fv1, Fv2 and Fv3 (p < 0.05), and no correlation with Fap1 and Fap2 (p > 0.05) during the unloading condition. However, during backpack carriage, there was a moderate negative correlation between the SSP and the normalized Fv1 (p < 0.05), a strong negative correlation with Fv3 and Fap2 (p < 0.05), and no correlation with Fv1 and Fap1 (p > 0.05), as shown in correlation matrix 1.
Discussion
The results revealed that during backpack carriage there was an increase in the CHA and decrease in the CVA and SSP, which agreed with the recent finding that the CHA was greater, and the CVA and SSP were lesser during back pack carriage compared to no load [30] . Moreover, carriage of a lightweight backpack, 7.5% of BW, resulted in a significant increase in the CHA and decrease in the CVA [29] . The reduction of the CVA and increase of the CHA were consistent with the findings of Vaghela et al. [48] , who reported that there was a significant reduction in the CVA (or increased forward head position), and an increase in CHA while carrying a backpack weighing 18% of BW.
The current changes in the neck angles indicated that the participants extended their neck during backpack carriage as a protective reaction to preserve their normal posture and balance. However, the results of Mo et al. [28] revealed a significant decrease in the CHA during loading conditions compared to unloading, and another study reported that there was no significant decrease in CHA during loading compared to unloading [13] . This contradiction may be attributed to the usage of different measurement technique. A smaller CHA indicates that the head is tilted more inferiorly and the upper cervical spine is relatively more flexed [13, 38] .
The significant decrease in CVA while carrying a backpack is consistent with the findings of Brackley et al. [6] , who found a significant changes in children's trunk forward lean and the CVA when the backpack weighs 15% of BW. Moreover, the children were more likely to have forward head posture and rounded shoulder posture while carrying the same backpack weight, which is corroborated by the current findings [28] . A smaller SSP indicates that the shoulder is relatively oriented forward with respect to C7 and represents a more rounded shoulder posture [13, 28] .
The flexed neck posture during backpack carriage may be explained by the high backpack position adopted in the present study [34] , while Chen and Mu [14] reported that carrying the backpack at the level of the 7th thoracic vertebra leads to severe neck and shoulder discomfort; this high backpack position also caused more head flexion than the other two positions (12th thoracic vertebra and 3rd lumbar vertebra). Moreover, they suggested that carrying a school backpack weighing 15% of BW should be avoided.
The lack of significant difference in the normalized GRFs while carrying a backpack is not corroborated by the findings of the previous studies [12, 15, 24] , which found an increase in the GRFs with increasing backpack weight. Moreover, there is a proportional increase in the vertical GRFs with increasing backpack weight in adult participants [25] , while our participants were children. This conclusion depended on the absolute GRFs, not the normalized GRFs, which may be the cause of the inconsistency. The increased values of vertical and anteroposterior GRFs are attributed to the changes in the vertical and horizontal position of the body's centre of mass, caused by the restriction of natural arm swing patterns in children [18] . However, Alghadier [2] concluded that carrying a backpack significantly altered the dynamic foot-loading patterns (peak plantar pressure, peak plantar force and contact area) in school-age children (7-12 years), which goes against the current findings. The cause of disagreement may be the difference in the nature of the measured outcomes; the GRFs do not provide any information about where the forces are being applied on the foot [9] , whereas the in-shoe plantar pressure systems allow quantification of the amount of vertical GRF being applied on each region of the plantar surface of the foot [11] . However, Castro et al. [8] found greater normalized anterior-posterior and vertical GRFs and greater plantar pressure peaks in the rearfoot, forefoot and hallux when adult participants walked carrying a backpack at high gait cadences compared to walking at low gait cadences. These measures were lower during normal walking compared to low and high gait cadence while carrying a backpack. Hence, the participants of the current study were asked to adopt their walk speed during the measurement procedure.
Chow et al. [15] attributed the increase in the vertical GRF to the changes in gait pattern during backpack carriage: The child leans the head and trunk forward, which moves the body center of gravity forward and so increases the acceleration, which creates a higher force during the heel strike phase, when the body segmental speeds require the highest inertial forces to decelerate the human body and backpack masses. On the other hand, during the propulsion phase of the stance phase, a more intense force is needed to accelerate the system [5, 46] . These findings are supported by the significant increase in the normalized anterior-posterior GRFs: anterior braking and posterior propulsive forces during backpack carriage. By extension, joint contact forces will also be increased, particularly if muscle activity cannot overcome the increased load [42] . So, the participants were assessed during their comfortable gait to control the effects of the walking pattern.
However, Castro et al. [10] found greater normalized anterior-posterior and vertical GRFs (impact and thrust maximum) when the participants walked carrying a backpack at high cadences compared to walking with low cadences. Hence, testing the participants during their comfortable walking speed may be the cause of the nonsignificant increase in the normalized vertical GRFs. Meanwhile, there was agreement in the anterior-posterior GRFs. So, the low cadence can be considered a protective gait pattern during load carriage, aiming to minimize the possible harmful effects of the high vertical GRFs over the musculoskeletal system.
There was an increase in the magnitudes of the anterior braking force during backpack carriage compared to the unloaded condition that is confirmed by the findings of Castro et al. [8] , who reported that the shear forces increased more than did the proportion of the load (normalized values). In addition, the increased shear force is supported by the recent findings [30] , which reported that carrying a backpack disturbs the anterior-posterior stability more than no load. Moreover, carrying a backpack increases the area of the centre of pressure displacement in the anterior-posterior direction [35] , which may explain the increased values of anterior-posterior forces (Fap1 and Fap2) during backpack carriage.
The current study revealed that there is moderate positive relation between the CHA and the normalized Fv1, which means that increasing the CHA with more upper cervical extension will increase the braking force of the vertical GRF, which was supported by Majumdar et al. [26] who reported that the forward head lean and vertical GRF increased significantly during carrying a military backpack. On the other hand, they found that the changes in anterior-posterior GRF were not significant in any loading condition and did not show any linearity or proportionality, which was against the findings of the present study. The participants' age may be the cause of the contradiction. However, some studies [25] [26] [27] reported that increasing the backpack weight increases the vertical and anterior-posterior GRFs, which is consistent with the current findings regarding the anterior backing and posterior propulsive forces.
The negative correlation between SSP and posterior propulsive force can be explained by the observations of Castro et al. [8] , who found that the medial forefoot presented the largest increase in the pressure when carrying a backpack while the smallest increases occurred in the lateral forefoot. They suggested that when walking with a backpack the toe region was more needed than when walking without a backpack. Thus, the forces required to advance the body from the mid-stance to toe-off were reduced as a consequence of the decrease in the passive movement of the body [4] . Moreover, during backpack carriage, the load was carried more on the forefoot than the heel [7] , which may explain why there was a negative correlation between the SSP and the posterior propulsive force without a correlation with the anterior braking force, which could be considered as a safe strategy by moving the center of mass forward.
Limitations
The study had some limitations. First, the comfortable walking speed was chosen to prevent disturbances in the gait pattern and ensure normal walking [11] , which was considered a more realistic condition. Second, the mediallateral GRF was not measured because its values represented a very small percentage of the children's BW, as the children's BW is low. Third, the barefoot assessment of children was adopted to avoid the effect of different shoe types that may affect the head posture and GRFs. Finally, only the GRFs of the right foot had been measured depending on the assumption of gait symmetry [19] , and a similar GRF between the right and left foot [40] , which minimizes the effect of this limitation. Therefore, further study should examine the effect of prolonged walking with backpacks on the relationship between the neck angles and GRFs. More studies evaluating the effects of the different footwear on neck angles and GRFs during backpack carriage should be conducted to examine its effect on force absorption and posture alignment.
Conclusion
Carrying a backpack weighing 15% of the child's BW changes the head posture and increases the normalized value of anterior-posterior shear force compared to the unloaded condition. Moreover, decreasing the SSP is associated with increasing the load acceptance, thrusting and posterior propulsive forces. So, it is recommended to give advice to parents about the ideal weight of a backpack and carrying style to reduce the risk of posture and balance disturbance.
